Fluconazole is widely used in the intensive care unit for prevention and treatment of fungal infections. Case reports have described an association between fluconazole and adrenal dysfunction, an important cause of morbidity and mortality in critically ill patients. We sought to determine whether 400 mg of fluconazole per day administered to critically ill surgical patients was associated with a reduction in cortisol levels. Cortisol levels were measured in stored plasma specimens drawn from 154 critically ill surgical patients randomized in 1998-1999 to receive fluconazole or placebo for the prevention of candidiasis. The primary outcome measure was the median plasma cortisol level >1 day after study drug initiation (MPCL). Secondary outcomes were adrenal dysfunction, defined as an MPCL of <15 g/dl, changes in cortisol levels over time, and mortality. The median MPCL was 15.75 g/dl (interquartile range [IQR], 11.65 to 21.33 g/dl) in 79 patients randomized to fluconazole and 16.71 g/dl (IQR, 11.67 to 23.00 g/dl) in 75 patients randomized to placebo (P ‫؍‬ 0.52). Patients randomized to fluconazole did not have significantly increased odds of adrenal dysfunction compared to patients randomized to placebo (odds ratio, 0.98; 95% confidence interval, 0.48 to 2.01). Randomization to fluconazole was not associated with a significant difference in cortisol level changes over time. Mortality was not different between patients with and without adrenal dysfunction, nor was it different between patients with adrenal dysfunction who were randomized to fluconazole and those randomized to placebo. Fluconazole prophylaxis in this population of critically ill surgical patients did not result in significant adrenal dysfunction.
Systemic candidiasis is an important cause of morbidity and mortality in the intensive care unit (ICU) (5, 12, 22, 43) . Prophylaxis with fluconazole has been shown to reduce the occurrence of candidiasis in a variety of patient populations (15, 17, 39, 48) , including select, high-risk, adult ICU patients (11, 13, 31) . Fluconazole, an azole antifungal agent, exerts a fungistatic effect by inhibiting a fungal cytochrome P450 enzyme involved in ergosterol synthesis (14, 27) . Side effects of other azole antifungals may arise from nonspecific inhibition of mammalian cytochrome P450 enzymes (14) . Adrenal dysfunction is one of these side effects and has been shown to occur in patients treated with ketoconazole (18, 44, 47) . While in vitro data show that fluconazole is not as potent an inhibitor of mammalian P450 enzymes as ketoconazole (10) , adrenal insufficiency associated with fluconazole administration has recently been described (1, 38) . In these case reports, adrenal insufficiency was diagnosed 1 to 3 days after fluconazole initiation (1, 38) .
Adrenal dysfunction is an important cause of morbidity and mortality in critically ill patients (20, 25, 35, 40) . Estimates of the prevalence of adrenal dysfunction among critically ill patients vary widely, from 0.66 to over 40%, depending on the definition of adrenal dysfunction and the specific patient population studied (3, 6, 9, 25, 35, 36, 40) . Drugs administered to such patients may contribute to adrenal dysfunction by increasing the rate at which cortisol is metabolized (20) or, as in the case of etomidate (8, 46) or ketoconazole (26, 30, 33, 34) , by inhibiting enzymes in the steroid biosynthetic pathway.
Because of the widespread use of fluconazole and the impact of adrenal dysfunction on outcomes in critically ill patients (2, 28) , we explored the effect of fluconazole prophylaxis on plasma cortisol levels in critically ill surgical patients who participated in a randomized, double-blind, placebo-controlled trial of fluconazole for the prevention of candidiasis (31) .
MATERIALS AND METHODS
Patients and specimens. Patients participated in a randomized, double-blind, placebo-controlled trial of fluconazole prophylaxis in the Surgical ICU at Johns Hopkins Hospital from January 1998 to January 1999 (31) . The Institutional Review Board of the Johns Hopkins Hospital approved the trial and the study described herein. Written, informed consent was obtained from patients or their surrogates prior to participation in the clinical trial. The Institutional Review Board determined that the present study met the requirements for exempt research.
Patients included in the clinical trial had anticipated ICU lengths of stay of Ն3 days and were at least 18 years old. Patients were excluded for the following reasons: ICU length of stay of Ͻ3 days; pregnancy; receipt of antifungal agents within the week prior to ICU admission; age Ͻ18 years; or an expectation of death within 24 h of ICU admission. After enrollment, patients were randomized to receive either daily, enteral fluconazole or placebo. The standard dose of fluconazole was an 800-mg loading dose followed by 400 mg each day thereafter. Dose adjustment was made for renal insufficiency (31) .
Plasma samples and cortisol measurements. Blood was collected for fluconazole measurements following the administration of the loading dose of the study drug and thrice weekly thereafter, until ICU discharge. Plasma remaining after fluconazole measurement was stored at Ϫ70 C from 1998-1999 until January 2002. Storage at Ϫ70 C was not expected to significantly affect cortisol levels in the specimens, based on data showing that plasma cortisol concentrations decreased 6 to 9% over a 3-to 4-year period when stored at Ϫ25 C (19) .
Samples were included in the analyses if they were drawn from patients eligible for the clinical trial's intent-to-treat analysis, between 4:00 am and 11:59 am, before or at least 2 days after steroid administration, at least 1 day after study drug initiation, and during a patient's first ICU admission during the period of the trial. Cortisol concentrations in the plasma samples were measured using the DSL-2100 ACTIVE cortisol coated-tube radioimmunoassay kit (Diagnostic Systems Laboratories, Inc., Webster, Tex.) according to the manufacturer's instructions. The Johns Hopkins University General Clinical Research Center core laboratory performed the cortisol assays and reported an intraassay coefficient of variation of 4.01% and an interassay coefficient of variation of 6.45%.
Statistical methods. We based a power calculation on 79 patients randomized to fluconazole and 75 patients randomized to placebo. Our primary outcome measure was the median plasma cortisol level (MPCL), determined for each patient with Ն1 sample available at least 1 day after study drug initiation. With a mean MPCL of 18.68 g/dl (standard deviation, 10.77 g/dl) in patients randomized to placebo, we had 90% power to detect a difference in means of 30% (two-sided ␣ ϭ 0.05).
MPCL and interquartile ranges were determined for each treatment arm and compared using the Wilcoxon rank-sum test. Because case reports suggest that fluconazole's effect on adrenal function may be delayed (1, 38) , we also evaluated MPCLs Ն3 and Ն7 days after study drug initiation.
A secondary outcome was adrenal dysfunction, defined as an MPCL of Ͻ15 g/dl. A serum cortisol level of 15 g/dl in patients with acute critical illness has recently been proposed as a threshold below which adrenal insufficiency is probable (7) . We used the Z approximation and chi-square test of association to explore relationships between adrenal dysfunction and categorical variables. We used the Wilcoxon rank-sum test to assess associations between adrenal dysfunction and non-normally distributed continuous variables.
Univariate and multivariate logistic regressions were performed to assess the associations between demographic and clinical variables and adrenal dysfunction. Variables were selected for inclusion in the final, multivariate model if they were felt to be biologically important or if they were significantly associated (P Ͻ 0.05) with adrenal dysfunction in univariate analyses. Receipt of steroids, age category, and ICU length-of-stay category were investigated as potential confounders and effect modifiers. The final multiple logistic regression model was evaluated with goodness-of-fit testing and was found to be adequate.
To assess changes in patients' cortisol levels over time and the association with randomization to fluconazole, we incorporated an interaction term into a multiple linear regression model which used robust variance estimation and generalized estimating equations (23, 49) to account for within-individual correlations. We used a log transformation of cortisol levels to approximate a normal distribution. The time variable was days since study drug initiation. Age category and receipt of steroids were explored as possible confounders and effect modifiers of the relationship between randomization to fluconazole and cortisol levels. Other variables were selected for inclusion in the final model if they achieved significance (P Ͻ 0.05) in univariate analyses.
Proportions of patients who were alive at the time of ICU and hospital discharge were compared using chi-square and Fisher's exact tests. All analyses were done with Stata (versions 6.0 and 8.0; Stata Corporation, College Station, Tex.).
RESULTS
Patients and plasma samples. Of 841 plasma samples from 260 patients enrolled in the randomized trial, 655 were available for study. Of the 655 available specimens, 5 were found to be duplicates of other specimens. Cortisol measurements from these duplicate specimens were averaged. Two hundred nine samples were excluded from analyses: 130 were from patients who had received steroids the day before or on the day the cortisol level was drawn; 61 samples were from patients readmitted to the ICU; 11 were from patients ineligible for the intent-to-treat analysis of the clinical trial; 6 samples were drawn on or before the first day of study drug administration; and 1 sample was drawn after 11:59 am. Therefore, a total of 441 serum samples from 154 patients (79 randomized to fluconazole, 75 to placebo) were included in the analyses.
Of the 441 samples included in the analyses, 276 were from patients randomized to fluconazole and 165 were from patients randomized to placebo. The median number of blood samples per patient was two in both the fluconazole and the placebo arms of the trial (ranges, 1 to 44 in the fluconazole arm and 1 to 9 in the placebo arm). Overall, the distribution of the number of blood samples drawn per patient was similar in the fluconazole and placebo arms, with 64 of 79 (81.0%) patients randomized to fluconazole and 67 of 75 (89.3%) patients randomized to placebo having between one and three blood samples obtained (chi-square test, P ϭ 0.15). Five patients randomized to fluconazole had at least 10 blood samples obtained. No patients randomized to placebo had more than nine blood samples obtained. This difference approached but did not reach statistical significance (Fisher's exact test, P ϭ 0.06).
Of the 154 patients included in this study, those randomized to fluconazole were similar demographically and clinically to those randomized to placebo ( Table 1 ). Length of hospital stay was significantly greater in patients randomized to fluconazole ( Table 1 ). The median length of hospital stay did not differ significantly between the treatment arms when the entire clinical trial population was considered (19 days in the placebo arm versus 20.5 days in the fluconazole arm; P ϭ 0.15), nor when the subset of patients excluded from the present study was considered (19 days in the placebo arm versus 17 days in the fluconazole arm; P ϭ 0.81).
Among the 79 patients randomized to fluconazole, the median total dose of fluconazole was 2,000 mg (range, 800 to 42,200 mg). Patients randomized to fluconazole for whom weight data were available (n ϭ 78) received a median daily dose of 5.77 mg/kg of body weight (range, 1.33 to 16 mg/kg).
Exogenous steroids were administered in the ICU to similar numbers of patients randomized to fluconazole and placebo (chi-square test, P ϭ 0.19). Among the 79 patients randomized to fluconazole, 13 (16%) received Ն1 dose of hydrocortisone, hydrocortisone and prednisone, or methylprednisolone. Among the 75 patients randomized to placebo, 7 (9%) received Ն1 dose of dexamethasone, hydrocortisone, or methylprednisolone.
MPCLs. The median MPCL for the 154 patients included in this study was 16.13 g/dl (interquartile range [IQR], 11.67 to 22.25 g/dl). MPCLs at least 1, 3, and 7 days after study drug initiation were not significantly different between the fluconazole and placebo groups ( Table 2) .
The MPCLs on days 1 to 10 after study drug initiation were also determined for patients in each treatment arm ( Fig. 1) . On day 1 after study drug initiation, the MPCL was 16.34 g/dl in 68 patients randomized to fluconazole and 16.08 g/dl in 63 patients randomized to placebo (P ϭ 0.97). Although the medians of the cortisol levels on days 2 to 10 were lower in patients on fluconazole compared to patients on placebo, the differences were not statistically significant ( Fig. 1 ). Cortisol levels beyond day 10 after study drug initiation are not shown due to the small number of patients in the placebo arm ( Fig. 1) .
Patients with adrenal dysfunction. Sixty-nine of 154 patients (44.8%) had adrenal dysfunction, defined as an MPCL of Ͻ15 g/dl. The proportion of patients in the fluconazole arm with adrenal dysfunction was not significantly different from the proportion of patients in the placebo arm (46.8 versus 42.7%; P ϭ 0.60; difference in proportions, 4.1%; 95% confidence interval [95% CI], Ϫ11.5 to 19.9%). The proportions of patients in each arm of the study who ever had a cortisol level of Ͻ15, 15 to 34, and Ͼ34 g/dl were also not significantly different (Table 3) .
When median cortisol levels Ն3 after study drug initiation were evaluated, 27 of 45 (60.0%) patients randomized to fluconazole and 16 of 38 (42.1%) patients randomized to placebo had adrenal dysfunction (P ϭ 0.10; difference in proportions, 17.9% [95% CI, Ϫ3.35 to 39.1%]). When median cortisol levels of Ն7 after study drug initiation were evaluated, 11 of 22 (50.0%) patients randomized to fluconazole and 6 of 17 (35.3%) patients randomized to placebo had adrenal dysfunction (P ϭ 0.36; difference in proportions, 14.7% [95% CI, Ϫ16.2 to 45.6%]). In a multiple logistic regression model adjusted for age category, ICU length of stay category, admitting diagnoses of vascular and other surgery, and African American race, randomization to fluconazole was not associated with a significantly increased odds of adrenal dysfunction (Table 4 ). In this multivariate model, no variables were significantly associated with adrenal dysfunction.
Changes in cortisol levels over time. Patients randomized to fluconazole and placebo did not have significantly different cortisol levels when assessed in a multiple linear regression model ( Table 5 ). The possibility that randomization to fluconazole changed the evolution of cortisol levels over time was explored by incorporating an interaction term into the model. Randomization to fluconazole was not associated with a significant difference in the changes in cortisol levels over time, after adjusting for other clinical variables (coefficient, Ϫ0.004 [95% CI, Ϫ0.030 to 0.023]).
Mortality of patients with adrenal dysfunction. ICU and hospital mortality were not different in the fluconazole and placebo arms (Table 1) , nor were they different in patients with and without adrenal dysfunction. Fifty-nine of 69 (85.5%) patients with adrenal dysfunction were alive at ICU discharge, and 51 (73.9%) were alive at hospital discharge. Of 85 patients without adrenal dysfunction, 74 (87.1%) were alive at ICU discharge and 64 (75.3%) were alive at hospital discharge. These differences were not statistically significant. Of 37 patients randomized to fluconazole who had adrenal dysfunction, 32 (86.5%) were alive at ICU discharge and 29 (78.4%) were alive at hospital discharge. Of 32 patients randomized to placebo who had adrenal dysfunction, 27 (84.4%) were alive at ICU discharge and 22 (68.8%) were alive at hospital discharge. These differences were also not statistically significant.
DISCUSSION
We measured cortisol levels in banked plasma specimens from critically ill surgical patients who participated in a randomized, double-blind, placebo-controlled trial of fluconazole for the prevention of candidiasis. In this population of critically ill patients, those randomized to fluconazole did not have significantly lower cortisol levels than those randomized to pla-cebo, nor did they have significantly increased odds of adrenal dysfunction. To our knowledge, this is the largest study to date evaluating the impact of fluconazole on cortisol levels in critically ill patients.
Like its predecessor ketoconazole, fluconazole inhibits the fungal cytochrome P450 enzyme 14␣-demethylase in the ergosterol biosynthetic pathway. Ketoconazole is a potent inhibitor in vitro and in vivo of mammalian cytochrome P450 enzymes, including 11␤-hydroxylase, which converts 11-deoxycortisol to cortisol (26, 30, 33, 34) . The effects of ketoconazole on steroid synthesis may occur after a single dose (33, 34, 37) .
The effects of fluconazole on steroid biosynthesis and me- on June 26, 2017 by guest http://aac.asm.org/ tabolism have not been as well studied. Investigators examined the effects of ketoconazole and fluconazole on rat adrenal cells and found that the concentration of ketoconazole achieving 50% inhibition of corticosterone synthesis was 0.9 M; 50% inhibition was not achieved with fluconazole concentrations as high as 100 M (10). To our knowledge, only a single study of the adrenal effects of fluconazole in critically ill patients has been published previously (29) . In this study, fluconazole had no effect on adrenocorticotropin (ACTH)-stimulated cortisol levels in 19 critically ill surgical patients (29) . The first case report that we are aware of describing a possible association between fluconazole and adrenal dysfunction was published in 1990 (16) ; recently, two additional reports have appeared in the literature (1, 38) . Diagnostic guidelines for adrenal dysfunction in critically ill patients remain a subject of debate (4, 7, 28) . The normal response to the stress of surgery or severe illness is a marked initial increase in ACTH and basal cortisol levels. Because of this, it has been postulated that for critically ill patients, levels that are within the accepted normal range for healthy, noncritically ill individuals may be inappropriately low (20) . Investigators have used random cortisol levels as well as high-dose (250 g) and low-dose (1 g) ACTH stimulation testing (28, 41) to diagnose adrenal dysfunction in critically ill patients. We were not able to perform ACTH stimulation testing, nor were we able to confirm a laboratory diagnosis of adrenal dysfunction with a clinical response to a trial of corticosteroid therapy. The use of ACTH stimulation testing to diagnose adrenal dysfunction in critically ill patients is controversial (7, 24, 28) . Because critical illness itself may result in maximal adrenal stimulation, such testing may reveal little about the sufficiency of the adrenal response (28) .
Approximately 45% of patients in our study had adrenal dysfunction, which we defined as an MPCL of less than 15 g/dl. A recent publication has supported the use of this threshold value (7) . The prevalence in our study was similar to that reported by Rydvall and colleagues, who measured morning plasma cortisol levels in 55 general ICU patients (36) . They found that 36% of patients had plasma cortisol levels of Ͻ14.5 g/dl and 47% had levels of Ͻ18.1 g/dl (36) . By contrast, Barquist and Kirton studied surgical ICU patients with vasopressor-dependent hypotension and an unexplained systemic inflammatory response syndrome, 2 weeks of vasopressor dependency, or Ն2 failed attempts at weaning from mechanical ventilation (3) . They defined adrenal dysfunction as a baseline cortisol level of Ͻ15 g/dl or a 30-min post-ACTH stimulation level of Յ25 g/dl if the baseline level was between 15 and 20 g/dl (3) . Less than 1% of all patients met this definition. Among patients hospitalized in the ICU for more than 14 days 6% had adrenal dysfunction, and among patients hospitalized for more than 14 days and over age 55, 11% had adrenal dysfunction (3) .
Unlike the findings of Barquist and Kirton (3) , neither age nor ICU length of stay was significantly associated with adrenal dysfunction in our study. In fact, none of the demographic or clinical variables included in our multivariate regression analyses were significantly associated with adrenal dysfunction. Mortality was also not significantly different in patients with adrenal dysfunction, compared to those without adrenal dysfunction, although this study had insufficient power to detect differences as small as those observed. Additional studies are needed to determine factors that identify critically ill patients at highest risk for adrenal dysfunction.
This study was not large enough to detect small differences in cortisol levels between patients randomized to fluconazole and those randomized to placebo. We cannot exclude the possibility that fluconazole may cause low-level adrenal suppression, or even clinically significant adrenal dysfunction in individual patients. However, based on our multiple analyses, the results of this study suggest that fluconazole prophylaxis does not contribute to widespread adrenal dysfunction in critically ill surgical patients who are not receiving daily steroid therapy. To minimize the confounding effects of exogenous steroid administration, we excluded those samples drawn less than 2 days after steroid administration. We did not have cortisol data available from patients after ICU discharge and fluconazole discontinuation to explore the impact of fluconazole discontinuation on the metabolism of exogenous steroids and adrenal function. A case report has described a liver transplant patient on prednisone therapy who developed Addisonian crisis after fluconazole was discontinued (42) , presumably due to increased prednisone metabolism following the reversal of P450 enzyme suppression by fluconazole (42) . Itraconazole, another triazole, has been shown to decrease the clearance of methylprednisolone and prolong methylprednisolone's inhibition of adrenal steroid synthesis (21, 45) , although it does not itself appear to cause adrenal dysfunction (32) . Fluconazole (and newer triazoles) may exert the same effects, given its similar structure and mechanism of action. Further studies are needed to determine the effect of fluconazole and the new triazoles on the pharmacokinetics of exogenously administered steroid compounds and whether critically ill patients receiving both triazole antifungal and steroid therapy are at increased risk for adrenal dysfunction after the triazole is discontinued.
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